A finite element turbulence model is developed to simulate the steelmaking processes where the behaviour of an interface between two fluids is relevant. The pseudoconcentration technique is used to distinguish the two fluids and the interface is updated with a smoothing technique. A modified pressure that represents the difference between the actual pressure and the hydrostatic pressure is used. Two steps during the continuous casting process are simulated. One of them is the steel drainage of the ladle in transient state. The other one is the i nterface between the liquid steel and the liquid casting powder in the slab mold for different submerged entry nozzles.
INTRODUCTION
A scheme of the continuous caster is presented in Figure 1 . In brief, the process consists of:
[ The ladle pours the liquid steel through the shrouding into the tundish.
[ In the tundish, the liquid steel is distributed through different casting lines.
[ Each casting line is equipped with a refrigerated mold where the steel begins its solidification process.
[ The solidification process continues with water sprays exposition into the secondary cooling chamber.
[ Finally, a torch at the cut-off point cuts the completely solidified steel. 
-Scheme of the continuous casting processes
The behaviour of the liquid steel inside the continuous casting process is very complex because it includes: turbulent movement [1] , injection of inert gas [2] , interfaces between liquid steel and different kinds of slag [3] , solidification [4] , segregation of chemical components [5] , sometimes stirring with electromagnetic forces [6] , etc. Then, the liquid steel movement is analysed separately in each of the vessels taking into account only some of the p hysical mechanisms involved. The flow is mostly analysed using phys ical or numerical modelling [7] given the difficulty or impossibility of actual measurements in the caster. In general, physical models are scaled versions of the components of the caster where the flow of water is analysed.
In this paper the liquid steel flow and its interfaces with the liquid slag or air (freesurface problems) are numerically analysed with the finite element method. In numerical solutions of flow problems with free surfaces or two-fluid interfaces, the location of the interface is unknown and must be determined as part of the solution. Different methods have been developed in order to solve the problem of tracking the interface. There are basically two different ways to approach the tracking of the interface in computational mechanics:
[ Lagrangian methods [8] [9] track the interface by moving the mesh on each time step.
[ Eulerian methods consider an interface function that is advected through a fixed mesh.
Eulerian methods to track interfaces with very similar characteristics may be found in literature with different names: pseudoconcentration method [10] [11] , interface capturing method [12] , marker and cell method [13] , level set method [14] , colour function method [15] and so on. The pseudoconcentration method is employed in this paper to describe the behaviour of interfaces in the context of continuous casting of steel.
In Section 2 the numerical model for turbulent flows with interfaces is described. The finite element method with linear interpolation for the velocity and penalisation to impose the incompressibility constraint is used. Two turbulence models are applied: the k-ε model [16] (k is the turbulent kinetic energy, ε is the dissipation rate of turbulent kinetic energy) [17] [18] and the mixing length model [19] .
In Section 3 the numerical model is compared with an experimental water model for the flow inside the mold published in [20] [21] .
Two industrial applications of the model are commented in Section 4: the behaviour of the interface between liquid steel and molten flux powder in the slab mold with different submerged entry nozzle design, and the liquid steel drainage of the ladle.
Finally, Section 5 is devoted to conclusions.
NUMERICAL MODEL FOR TURBULENT FLOWS WITH INTERFACES
Since the liquid steel inside the caster behaves like a Newtonian incompressible fluid, the velocity is a divergence-free field. Therefore, the Navier-Stokes equation may be applied.
However, as the flow inside the continuous caster circulates at a high Reynolds number, the mathematical model requires the addition of turbulence models.
Reynolds-stress models are commonly used to model turbulent flow in industrial applications. In these models the unknowns are decomposed in two terms: one representing mean values and the other one representing the turbulent fluctuations [19] . Navier Stokes equations are solved in terms of the mean values, as follows:
where v and P are the mean values of the velocity and pressure fields; µ and ρ are liquid steel viscosity and density and g is gravity acceleration. µ t is the turbulent or eddy viscosity, whose expression in terms of the mean velocity is given by the turbulence model.
Two different ways of estimating the turbulent viscosity are used: the (k-L)-predictor /(ε)-corrector turbulence model and the mixing length model. The code FANTOM [22] is applied to integrate the non-linear system of equations by the finite element method [23] . Isoparametric standard finite elements, penalisation of the pressure and the Streamline Upwind Petrov Galerkin technique are applied [23] [24] .
Mixing length turbulence model
In the mixing length turbulence model [19] , the turbulent viscosity is obtained from the velocity gradient through the following expression:
where l is the mixing length which must be set a priori. The m ixing length model is called a "zero equation" model because no differential equation is necessary to calculate the turbulent viscosity.
(k-L)-predictor /(ε ε )-corrector turbulence model
The k-ε model was developed by Launder and Spalding [16] and two new unknown variables are introduced: k and ε. A transport differential equation must be applied to calculate each variable, as follows:
The k-ε model is based on a series of constants, which were determined by calibration with experimental results [16] . The values of these constants are Cµ = 0.09, C1 =1.44, C 2 =1.92, σ κ =1.0 and σ ε =1.0.
In the present work, the (k-L)-predictor /(ε)-corrector algorithm developed in previous publications [17] [18] is used for the implementation of the k-ε model. This algorithm calculates the turbulent viscosity through the following expression:
where L k = 
Interface model
In flows with free surface or with two different fluids, there is an interface which is unknown and must be found as part of the solution. In order to track the position of the interface, the pseudoconcentration method [10] is adopted in this paper.
In this method the Eqs. (1) (2) (3) (4) (5) (6) are solved in the domain of interest together with an equation for an additional unknown, the pseudoconcentration C, that satisfies the following advection equation:
Corresponds to the interface between fluid 1 and fluid 2
Corresponds to the region occupied by the fluid 1
Corresponds to the region occupied by the fluid 2 where C c is an arbitrary critical value.
Eq. (7) is solved using isoparametric finite elements, a Streamline Upwind Petrov Galerkin technique and an implicit method to iterate in time [24] [25] 
In Eq. (8), d represents the distance to the interface and σ is an arbitrary constant. The algorithm that calculates d behaves in the following way:
• Within each element intersected by the interface, the interface is approximated by a plane.
• The distance from any given node in the mesh to each interface plane is calculated.
• The minimum of these distances is taken as d for the given node.
The same procedure is applied to free surface problems, where the density and viscosity are chosen so that the air (pseudofluid) effects on the fluid are negligible.
Wall boundary conditions
Turbulence models do not represent properly the flow near solid walls where viscous effects are dominant. To prevent numerical problems in the neighbourhood of rigid walls, the wall functions method is used [16] . The basic idea of the method is not to solve the turbulence model equations in the boundary layer but to use general empirical laws instead.
The domain where the equations are solved is moved away from the walls a short distance (∆).
A complete description of the algorithm we used to impose wall functions as boundary conditions may be found in [17] . Boundary conditions for the stress and turbulent variables on a point "P" of the computational domain near the wall are imposed by the relations:
where κ= 0.4 is the Von Karman constant. U* is the friction velocity which is related to the tangential velocity at "P" by the equation:
where E is a function of the wall rugosity (typically E = 9).
WATER MODEL SIMULATION
In order to verify our numerical turbulence model for flows with an interface, a scaled down water model of a slab mold developed by Keicher and Taylor [20] [21] and found in the literature [25] [26] is simulated. The surface of water in the mold is covered with a layer of oil to represent the molten flux powder on the liquid steel in the continuous casting process.
The shape of the final casting product is determined by the mold geometry, which in this case is a rectangular section of different thicknesses and widths. It is important to know how the surface of steel in the mold is affected by the flow entering the mold, for different geometrical configurations. The mold is filled with steel through the s ubmerged entry nozzle (SEN). In order to maintain the liquid steel level in the mold, the velocity of the steel at the SEN entrance must be proportional to the "casting speed" (the speed at which the slab is removed from the caster by the rolls).
In Table 1 geometrical data of the experiments are presented. Oil layer thickness 0.065
In Fig. 2, a [ Wall functions at the rigid walls.
[ Symmetry boundary conditions on symmetry planes. Table 2 are used in the numerical simulation. 
Fixed surface simulation
This case is simulated to investigate the velocity field and compare results with experimental measurements taken from the literature [26] .
The three vertical lines placed at different distances from the nozzle on the symmetry plane (see ; ; (11) where v x is the horizontal velocity; v z is the vertical velocity; z is the vertical coordinate; z = 0 is the floor of the SEN; and dSEN is the internal diameter of the SEN.
The numerical results match the experimental ones satisfactorily showing that the k-ε turbulence model can be successfully applied to describe the flow inside the mold. 
Water -oil interface
Validation of the numerical interface profile between water and oil is also carried out by comparison with experimental results presented in reference [26] . 
INDUSTRIAL SIMULATIONS
Two steps during the continuous casting process are simulated: the liquid steel flow inside a slab mold and the liquid steel drainage of the ladle.
Design of a submerged entry nozzle for a slab mold
The first industrial example to be analysed is the flow of steel inside a slab mold used at SIDERAR, San Nicolas, Argentina. The interface steel-molten flux powder can become unstable for high values of the casting speed, depending on nozzle and mold design. We are interested in the steady state profile of the interface.
The continuous caster used at SIDERAR is shortly going to increase its casting speed.
Therefore, it is necessary to understand the consequences that this increase may have on the fluid dynamics in the upper part of the mold. It is also relevant to analyse alternative SEN designs that can help to prevent the difficulties that may arise. Table 3 .
A 2-D mesh with 10919 nodes and 10628 isoparametric quadrilateral linear elements is used for the numerical simulation. Taking into account symmetry conditions only half of the mold is modelled. The density and viscosity of both fluids are given in Table 4 . Figure 6 the velocity modulus is shown together with a schematic representation of the flow pattern. It can be seen that for SEN without a vertical discharge port the flow forms two large recirculation zones. In the bottom one the liquid steel first flows downwards close to the narrow wall of the mold and then part of the flow moves upwards at the centre of the mold. The top recirculation loop is formed by the liquid steel that reaches the narrow wall of the mold and then flows towards the liquid steel-molten flux powder interface. The intensity of this recirculation is a key factor in order to avoid instabilities at the interface that can lead to defects.
With a 15 mm diameter vertical discharge port, a third recirculation is formed.
Nevertheless, this recirculation is quite weak and the flow inside the mold is relatively similar to the one described for the previous case. The recirculation formed in the upper part of the mold is weaker than the one obtained without a vertical discharge port.
When the diameter of the vertical port increases to 25 mm, the flow in the upper part of the mold is not affected significantly. The flow through the vertical port increases and the two lower recirculations have approximately the same intensity and extent.
Finally, with a 35 mm discharge port, the most significant change takes place. The recirculation in the upper part of the mold disappears, and the flow that comes out of the lateral port is dragged by the flow that comes out of the vertical port. The liquid steel flows downwards at the centre of the mold and raises close to the narrow wall. giving place to the formation of a dead zone that will surely lead to the cooling of the liquid steel and thus making it a not valid choice.
Liquid steel drainage of a ladle
The second industrial problem to be analysed is the drainage of a ladle. The industrial ladle to be considered belongs to SIDERAR steelmaking plant at San Nicolás, Argentina. It has an oblong section instead of the usual circular section, its discharge is close to the wall and its floor is inclined towards the discharge. The latter characteristic reduces the amount of steel left over in the ladle when the critical height is reached (the critical height is the height of the unperturbed interface when the free surface irruption in the nozzle takes place). The main characteristics of the modelled ladle are given in Table 5 . In Fig. 10 the time evolution of the height of the free surface in two different points is plotted. The height of the column of steel away from the region affected by the surface deformation is h 1 (see Figure 9 ). The "funnel height", defined as the distance from the lower point of the deformed free surface to the ladle's nozzle, is h 2 (see Figure 9 ). The irruption of the free surface in the nozzle takes place when h 2 becomes negative. Time The industrial simulation of the flow in a slab mold is an example of how the model can be used to obtain a better understanding of the complex processes that take place inside the continuous caster. The numerical tools can help to reduce trial and error during the design of a new component or process; in this case the SEN.
